Abstract-A novel aooroach of dynamic trajectory planning of collaborative robots is proposed. Firstly, the distances of humanrobot are obtained through a new simple method by RGBD camera kinect. Then, the trajectory is generated by the proposed approach(RRT-RV), which improved the traditional RRT method by adding constraint factor as well as merging RV method. This method does not only consider static obstacles, but also takes dynamic obstacles into account. Moreover, simulation experiment is utilized to execute the new method and optimize parameters. Besides, further physical experiment is conducted by RGBD camera Kinect and UR5 robot to verify the feasibility and effectivity of the designed real-time collision avoidance algorithm.
INTRODUCTION
The traditional manipulator has been applied in plenty of fields successfully due to its high controllability in position, like stacking and machining. However, as the proposal of concepts about Flexible Manufacturing and Human-robot Interaction, the new types of manipulation tasks are unable to be completed by the traditional manipulator, which usually lack the ability to work with workers in the same area [1] . For this problem, collaborative robots gradually attracted the attention of researchers. Unlike traditional robots, which are usually isolated with workers when used, collaborative robots can be co-located with human beings [2] . In order to ensure the safety of human-robot collaboration, collaborative robots generally adopt the collaborative mode which limits power and force of robots [3] , which leads to some problems, one is that in the environment of human-robot coexistence, the activities of workers may hinder the normal operation of robots. In order to avoid the collision of human-robot and improve the working efficiency of collaborative robots, a new collision avoidance method(RRT-RV) is proposed both suitable for static and dynamic obstacles.
II. THE ACQUISITION OF HUMAN-ROBOT DISTANCE
In order to obtain the distance between the end-effector and the human body, the positions of both in the same coordinate system are required. In order to better meeting the collision avoidance requirements, human body position is placed in base coordinate system changed from the camera coordinate system by using rotation and the translation matrix ( ) | R t . Since human body has been identified and located in section Ⅱ, the left hand is selected as the obstacle because it often is closest to the robot in collaborative surroundings, and then its position 
And then Line function of OpenCV is used to draw a straight line between left hand and end-effector, and distances is displayed by using PutText function.
Finally, the distance between the human body and the end-effector of the robot is identified as shown below： 
III. TRAJECTORY GENERATION

A. Static Obstacle Avoidance Trajectory
Rapidly exploring random tree method(RRT) [14] will be used to solve the static Obstacle collision avoidance problem. The RRT algorithm generates a random extension tree by 1020 978-1-5386-5373-9/18/$31.00 ©2018 IEEE using an initial point in the state space as the root node and increasing the number of leaves by random sampling. When the leaf node in the random tree contains the target point or the target area, a path from the root node to the target point can be found in the random tree.
Although the probability of the RRT algorithm is complete, it is always possible to find a feasible path in theory. However, since the way to extend the new node is randomly generated in the whole space, on the one hand, the extended tree is overaveraged in the whole space, and the algorithm is less efficient; The quality of the path planned by the other party is not high, and often deviates from the shortest path.
In response to the above shortcomings, an improved RRT algorithm is proposed. The root of the above defects of the RRT algorithm is that when the new node is extended, the random points are randomly generated in the whole space. Refer to heuristic algorithm, the random point can be maked equal to the target point with a certain probability. Such a tree expansion has a trend toward the target point, rather than randomly generated in the whole space, thereby the search efficiency of the algorithm can be improved, and since the expansion of the tree node tends to the target point, the theoretically planned path will be the shortest path.
The program flow chart is as follows： Figure 2 . The program flow chart Sfree :accessible spaces; Tk : a random tree with K nodes; qstart: Starting point; qgoal: target point; step:step size; Bias: offset variable; rand: random number In this algorithm, Bias is given as a offset vsariable range from 0 to 1 while rand as a random number is generated by the algorithm.
By optimizing the parameters above, a trajectory with good performance can be obtained, and the simulation result is shown in Fig. 3 . 
B. Dynamic Obstacle Avoidance Trajectory
Using the method described in Section Ⅱ , the distance between the end-effector and the obstacle ( , ) D P O can be obtained. Repulsive vector is defined as
Estimating the velocity of the obstacle in the depth image is not only trivial but also computational expensive. Therefore, a method with lower time complexity is utilized to estimate the velocity information of the obstacle by calculating the variation of the repulsive vector. The repulsive vector and its variation of the control point can be used to modify the direction of the trajectory of end-effector.
Taking into account the above factors, in order to improve the collision avoidance algorithm, the repulsive vector should be modified, and the actual operation is that direction of repulsive vector is modified according to the variation of repulsive vector: 
( , ) || ( , ) || ( cos sin )
In this algorithm,  represents the angle between the repulsive vector and its variation. If it is greater than π/2, then the obstacle is moving away from the control point. In this case, no additional modification is needed for the repulsive vector. the negative direction of the repulsive vector is used as the direction of movement of the end-effector while the magnitude of the repulsive vector is used as the speed of the end-effector, and then the velocity can be obtained in this way. If  is less than π/2, in order to ensure that there is no collision between human body and robot, the repulsive vector need to be adjusted. Vector n is a unit vector orthogonal to the plane where the variation of the repulsive vector ( , ) 
C. Collision Avoidance for the Human Body
The proposed method (RRT-RV) which combines the rapidly exploring random tree method with the repulsive vector method is used for collision avoidance considering the unpredictability of the movement of the human body. Kinect is used to determine whether the obstacle is moving or not when a human body is within the range of the workspace of the UR5 robot. The RRT method will be used to generate a trajectory If the human body is static, If the human body is in a dynamic state, in order to improve the human-robot safety, the RV method will be preferred used for collision avoidance, and then if the obstacle becomes static, the RRT method will be used again to plan the trajectory. The specific flow is as follow: 
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I. EXPERIMENTS
A. Experimental Setup
The experimental scenario is set that a robot is executing position tasks through a sequence of desired Cartesian points, while unknow obstacles, like human body, enter its work space. In Experiment 3, the state of the obstacle is dynamic for a while and then turns static as shown in the following figures. When the obstacle is moving, the end-effector of the robot avoids the collision by using RV method. When the obstacle is static, RRT method is used to regenerate the trajectory. In this paper, a new method(RRT-RV) for collision avoidance is proposed, which combined improved RRT method with RV method. The core of this algorithm is to improve the traditional RRT method through adding constraint factor and RV method. The implementation approach of the algorithm is to deal with dynamic and static obstacles respectively. A new sample approach is used to get the distances between the robot and obstacles in its workspace, which is based on human body identification procedures. The algorithm can achieve a good balance between avoiding the human-robot collision and efficiency of capturing task. A series of experiments on the UR5 robot and the Kinect sensor confirmed the real-time effectiveness and good performance of the method.
